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Abstract

Stricter regulations on volatile organic compounds (VOCs) and hazardous air pollutants (HAPs) have in-
creased the demand for more efficient abatement technologies. One promising technology for removing
VOCs from polluted gas streams is biofiltration, a process in which contaminated air is passed through
a biologically active bed. Although bioreactors containing bacteria have been employed to treat waste
gas streams contaminated with VOCs, they are generally only practical for removing low concentrations
of VOCs. In this study, a strain of the dimorphic black yeast Exophiala lecanii-corni, which has been
shown to degrade high concentrations of toluene in a bioreactor, was evaluated for its ability to degrade
a variety of VOCs, both individually and in mixtures. The fungus was found to be able to use toluene,
ethyl benzene, methyl propyl ketone, n-butyl acetate, and ethyl ethoxypropionate as sole sources of
carbon and energy; however, E. lecanii-corni was unable to degrade either xylene or benzene. When
mixtures of chemicals were added to cultures of E. lecanii-corni, the fungus again degraded all of the
chemicals except xylene and benzene. In separate experiments to determine the effects of nitrogen avail-
ablity and pH on the fungus’ degradation ability, it was observed that VOC degradation was inhibited
when no supplemental nitrogen was added to the nutrient medium and when the pH of the medium was
less than 3. These preliminary studies indicate that E. lecanii-corni would be a feasible organism to
use in biofiltration due to its ability to degrade a wide range of VOCs, even under harsh environmental

conditions.

Introduction

Over the past twenty years, the use of biological air pollution control has become a popular treatment al-
ternative for contaminated gas streams. The use of biofiltration has worked particularly well for processes
that emit a steady gas stream containing low concentrations of one or two contaminants'. In recent years,
however, there has been a drive to expand the use of biofiltration to applications that emit a variable, com-
plex mixture of chemicals in the off gas because of the potentially high cost of operating more traditional
chemical-physical treatment options, and the desire to achieve higher removal efficiencies than these tradi-
tional treatment options can sometimes offer®~S.

Recent studies have shown that it can be difficult to obtain consistent removal efficiencies in biological
treatment systems that are treating a mixture of volatile organic compounds (VOCs). Problems with these
systems include the inability to maintain constant operating conditions, such as moisture content and nutrient
availability; loss of microbial populations that can degrade the contaminants of interest; and inhibition of
microbial activity by one or more of the chemicals in the gas stream?~ 6.

In a majority of the studies conducted to date, the biofiltration systems intended to treat mixtures of VOCs
have been inoculated with mixed microbial cultures, most of which have consisted primarily of bacteria.
However, it is often difficult to maintain these original culture conditions within the bioreactor, especially as
environmental and operating conditions change over time. In this study we propose an alternative approach
to inoculating a biofiltration system to treat a mixture of VOC contaminants.

Fungal biofilters have been shown to be extremely efficient at degrading a variety of VOCs, such as toluene,
styrene, and methyl ethyl ketone, even when the biofilters were operated under harsh environmental conditions’™
Also, in many of these studies, the fungi have displaced the original bacterial population present in the sys-
tem, indicating that they are hardy competitors and are unlikely of being replaced by another culture that
could be introduced into the system. These qualities indicate that fungal bioreactors may be an attractive
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alternative for treating VOC mixtures. Therefore, we are developing a bioreactor inoculated with the fungus
E. lecanii-corni that is capable of degrading multiple contaminants.

Our main objectives of this study include 1) determining the ability of a culture of Exophiala lecanii-corni
to degrade a variety of VOCs emitted from industrial operations, 2) investigating the possible inhibition
of E. lecanii-corni when the culture is exposed to a mixture of the selected VOCs, and 3) determining the
range of environmental conditions that the culture can withstand before the degradation efficiency of VOCs

decreases in a vapor phase bioreactor.

Materials and Methods

Chemicals

VOCs: Toluene, ethyl benzene, benzene, p-xylene, n-Butyl acetate, methyl propyl ketone, and ethyl ethoxypro-
pionate

Basal medium: distilled water, which contained the following compounds (g/£): (NH4)2S04 1.0, MgSO4-7TH20
0.25, CaCly-2Ho0 0.02, CuClp-2H0 0.17x 10~3, CoCly-6Hy0 0.24x 1073, ZnSO4-7TH20 0.58x 1073,
MnSO4-H20 1.01x 1073, NagMoO4-2H20 0.24x 10~3, NiClp-6H0 0.10x 10~3, and FeSO4-7H,0 1.36x107°

Assay Preparations

Cultures for the screening were prepared by cultivating cells from a pure culture of Exophiala lecanii-corni
growing on toluene as its sole source of carbon and energy. The cells were centrifuged and washed with
fresh, sterile basal medium twice. The cells were resuspended in 50 m of fresh, sterile basal medium and

then blended for 30 s in a Waring Blendor.

Degradation Assay. One (1.0) m£ aliquots of the blended culture were transfered to a 160-m¢ serum bottle
containing 9 mZ of sterile basal medium. The bottles were sealed with a butyl rubber septum and crimp
cap. For the single chemical cultures, a stoichiometric amount of the target chemical (19 umol C/10 mé)
was then added as a neat liquid using a sterile syringe. For the cultures given a BTEX mixture, 9.5 pmol
C/10 m? of each chemical was added. For cultures given a paint VOC mixture, 19 gmol C/10 mé of methyl
propy! ketone and 9.5 pmol C/10 mf each of toluene, xylene, ethyl ethoxypropionate and n-butyl acetate
were added. Triplicate cultures were made for each chemical or chemical mixture. Duplicate, killed controls
were also made for each chemical or chemical mixture. The cultures were stored on a shaker table at 23°C.
The headspace of the bottles was sampled using a gas chromatograph (GC) on a regular basis to determine
the mass of chemical degraded with time.

Nitrogen Assay. One (1.0) m/ aliquots of the blended culture were transfered to a 160-m¢ serum bottle
containing 9 m¢ of sterile basal medium, with concentrations of (NH4)2SO4 ranging from 0-10 g/L. The
bottles were sealed with a butyl rubber septum and crimp cap. Toluene (19 gmol C/10 mf) was then added
as a neat liquid using a sterile syringe. Triplicate cultures were made for each (NH4)2SO4 concentration
tested. Duplicate, killed controls were also made. The cultures were maintained under stationary conditions
at 23°C. The headspace of the bottles was sampled using a gas chromatograph (GC) on a regular basis to
determine the mass of chemical degraded with time.

pH Assay. Five (5.0) m£ aliquots of the blended culture were transfered to a 250-m¢ bottle containing 45
ml of sterile basal medium, with pHs ranging from 2.0-4.2. The bottles were sealed with a Teflon-lined,
Mininert valve screw cap. Toluene (19 pmol C/10 m&) was then added as a neat liquid using a sterile syringe.




Triplicate cultures were made for each pH tested. Triplicate killed controls were also made. The cultures
stored on a shaker table at 23°C. The headspace of the bottles was sampled using a gas chromatograph (GC)
on a regular basis to determine the mass of chemical degraded with time. Cell yield was determined by
measuring the increase in dry weight of the fungal culture as a function of toluene mass degraded during the
experiment. -

Analytical Methods

VOC Degradation Measurements. The amount of toluene present in the headspeace of the vials was
determined by injecting 0.5-m¢ gas samples onto a Hewlet Packard (HP, Palo Alto, CA, USA) Model 6890
Gas Chromatograph (GC) equipped with a flame-ionization detector (FID) and a HP-5 capillary column.
Ultra high purity (UHP) helium was used as the carrier gas at a flow rate of 16 mé/min. The FID was
supplied with 28.4 mé/min UHP helium, 50 mé/min UHP hydrogen, and 450 mé/min zero grade air. The
FID was maintained at 250°C. The column was operated at S0°C for 2 min, increased to 140°C at a rate of
12°C/min, and maintained at 140°C for 3 min.

Dry Weight Measurements. An aluminum planchette and Whatman filter paper (0.2 pm) were dried in a
105°C oven for 4 h, cooled to room temperature in a desicator, and then weighed on a four-place balance.
The E. lecanii-corni assay culture was filtered through the dried Whatman filter paper using a vacuum filter
apparatus, which was replaced into the planchette and dried in a 105 °C oven for 4 h. The filtered culture
was then cooled to room temperature in a desicator and weighed.

Results

Results indicate that Exophiala lecanii-corni was able to degrade repeated additions of toluene, ethyl ben-
zene, n-butyl acetate, and methyl propyl ketone in batch cultures, using each as a sole carbon and energy
source. The degradation of the above chemicals was confirmed by an observed increase in turbidity in the
cultures. E. lecanii-corni was also able to use ethyl ethoxypropionate as a sole source of carbon and en-
ergy. Since the ethyl ethoxypropionate was so soluable, headspace concentrations could not be determined
directly using the GC method. Instead, growth on ethyl ethoxypropionate was determined by monitoring the
increased cell mass of the cultures compared to that of the killed controls. In cultures to which benzene and
p-xylene were added, the loss of the target chemical in the viable culture mirrored that of the killed control.
This result, along with the observation that there was no visible increase in turbidity in the viable cultures
as compared to the killed controls, indicate that E. lecanii-corni was unable to use benzene and p-xylene as
sole sources of carbon and energy.

To determine if p-xylene and benzene could be degraded by cometabolic processes, or if the presence of
these chemicals would inhibit growth of E. lecanii-corni on other chemicals, mixtures of the target chemicals
were added to cultures of E. lecanii-corni. The results from these studies are shown in Figures 1 and 2. In
the cultures grown on a BTEX mixture, the toluene and ethyl benzene were degraded, but the p-xylene and
benzene were not. These results indicate that the enzymes produced by E. lecanii-corni to degrade toluene
and ethyl benzene do not fortuitously degrade p-xylene and benzene. Also, the results indicate that the
presence of p-xylene and benzene does not inhibit degradation of toluene or ethyl benzene.
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Figure 1. Degradation of BTEX mixture by E.
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Figure 2. Degradation of paint mixture by E. lecanii-corni: killed controls () and viable cultures (o).




In the cultures grown on a paint VOC mixture (Figure 2), p-Xylene, again, was not degraded. The presence
of p-xylene, however, did not inhibit the degradation of the other chemicals. The results also suggest that n-
butyl acetate was degraded preferentially over toluene and methyl propyl ketone. Again, the amount of ethyl
ethoxypropionate in the culture was not determined, but it was assumed that it was degraded based on the
results obtained from the cultures given ethyl ethoxypropionate only. This will be confirmed in subsequent
column studies.

In the nitrogen assays, it was observed that at least 0.01 g/¢ of (NH4)2SO4 was needed in order to achieve
repeated degradation of toluene additions (data not shown). The culture that was not given any supplemental
nitrogen source was able to degrade two additions of toluene, however, the rate of degradation slowed
significantly after the third addition. For supplemental (NH4),SO4 concentrations less than 1.0 g/l, 18-25
days were required before the toluene was degraded on a regular basis.

As shown in Figure 3, varying the pH of the culture medium greatly affected the degradation of toluene. In
the pH range of 2.5-4.0, degradation of the toluene was repeatedly observed, as illustrastrated by the saw-
tooth pattern produced from repeated additions of the target chemical. AtapH 0f 2.0, no toluene degradation
was observed. The cell yield was calculated for the cultures used in the pH assay (Table 1). The cell yield
varied only slightly among the cultures grown in media with different pH.
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Figure 3. The effect of pH on toluene degradation by Exophiala lecanii-corni: killed controls (#) and viable
cultures (o).




Table 1. Cell yield and zero order rate constants for E. lecanii-corni cultures grown at varying pH.

Culture pH Cell Yield
(g dry weight/g toluene)
4.2 0.61
3.0 0.62
2.5 0.66
Discussion

Exophiala lecanii-corni is able to use many VOCs as its sole source of carbon and energy; however, it is not
able to degrade all of the BTEX compounds. Similar results were reported by Cox, et al.!l In their study,
a strain of Exophiala jeanselmei, a fungus closely related to E. lecanii-corni, was able to degrade styrene,
but was unable to degrade ethyl benzene, toluene, or benzene when these compounds were provided as the
sole source of carbon and energy. In other studies using fungi to degrade mixtures of TEX® and BTEX'?,
degradation of all the components was observed, although malt extract was used to supplement growth in

the latter study.

In the paint VOC mixture study, the VOC compounds were degraded in the following order: n-butyl acetate,
methyl propy! ketone, and toluene. This same order was observed in a bottle study by Kazenski'®, who used
a mixed culture containing primarily bacteria. This degradation order may be a result of kinetic and mass
transfer differences among the chemicals or due to toxicity effects.!* Also, aromatic compounds are more
difficult to degrade than straight chain compounds, and organisms will typically degrade compounds which
provide that greatest amount of energy first.1®

From the degradation data that was obtained, it was observed that some toluene degradation occurred even
without an external nitrogen source, and even small concentrations of external nitrogen allowed for repeated
toluene degradation. It has been shown previously that fungi are capable of living in nitrogen-limited envi-
ronments by utilizing lysed mycelium as nitrogen sources.!8 This property of fungi would be advantageous
in biofiltration systems due to the variablity in their operation. Even if nutrients are not regularly supplied
to the reactor, operation may not be greatly affected by the fluctuating nutrient availablity.}

Although the degradation of toluene slowed when the pH of the culture medium was less than 2.5, E. lecanii-
corni was still able to readily degrade the target compound under rather acidic conditions. Similar results
have been observed in other studies using fungi to degrade VOCs.818—20 Since fungi are capable of living
in acidic environments and adjusting to pH fluctuations,?! fungi may be better suited for use in biofiltration
applications, where such shifts in pH are often encountered. )

Conclusions

The fungus E. lecanii-corni was shown to degrade a wide variety of VOCs including, toluene, ethyl benzene,
methyl propy! ketone, n-butyl acetate, and ethyl ethoxypropionate. Besides using these contaminants as sole
sources of carbon and energy, the fungus was also able to degrade mixtures of these compounds. In addition,
E. lecanii-corni was found to maintain its degradation capabilties under harsh environmental conditions.
In culture medium with low nitrogen availability and very acidic pH, sustainable VOC degradation was
observed. These preliminary studies indicate that E. lecanii-corni would be a feasible organism to use in
biofiltration applications due to its ability to degrade a wide range of VOCs, even under harsh environmental

conditions.




'Acknowledgments

This work was supported by a National Science Foundation CAREER Award and a grant from the Strategic
Environmental Research and Development Program.

References

1.

10.

1.

Leson, G. and A. M. Winer. 1991. Biofiltration: An Innovative Air Pollution Control Technology for
VOC Emissions. Journal of the Air & Waste Management Association. 41:1045-1054.

Deshusses, M., C. T. Johnson, and G. Leson. 1999. Biofiltration of High Loads of Ethyl Acetate in
the Presence of Toluene. Journal of the Air & Waste Management Association. 49:973-979.

_ Kleinheinz, G. T. and S. T. Bagley. 1998. Biofiltration for the Removal and "Detoxification’ of a Com-

plex Mixture of Volatile Organic Compounds. Journal of Industrial Microbiology and Biotechnology.
20:101-108.

Jorio, H., K. Kiared, R. Brzezinski, A. Leroux, G. Viel, and M. Heitz. 1998. Treatment of Air Polluted
with High Concentrations of Toluene and Xylene in a Pilot-Scale Biofilter. Journal of Chemical
Technology and Biotechnology. 73:183-196.

Kennes, C., H. H. J. Cox, H. J. Doddema, and W. Harder. 1996. Design and Performance of Biofilters
for the Removal of Alkylbenzene Vapors. Journal of Chemical Technology and Biotechnolgy. 66:300-
304.

_ Webster, T. S., A. P. Togna, W. J. Guarini, and L. McKnight. 1998. Treatment of Volatile Organic

Compound Emissions from a Spray Paint Booth Application Using Biological Trickling Filtration. In
Proceedings from the USC-TRG Conference on Biofiltration. D. S. Hodge and F. E. Reynolds, Jr,, ed.
The Reynolds Group. Tustin, California. pp. 41-50.

. Woertz, J. R., K. A. Kinney, N. D. P. MclIntosh, and P. J. Szaniszlo. 1999. Removal of Toluene in a

Fungal Vapor-Phase Bioreactor. In Bioreactor and Ex Situ Biological Treatment Technologies. B. C.
Alleman and A. Leeson, ed. Battelle Press, Columbus, Ohio. pp.123-128.

Cox, H. H.J., R. E. Moerman, S. van Baalen, W. N. M. van Heiningen, H. J. Doddema, and W. Harder.
1997. Performance of a Styrene-Degrading Biofilter Containing the Yeast Exophiala jeanselmei.
Biotechnology and Bioengineering. 53:261-266. ’

Auria, R., G. Frere, M. Morales, M. E. Acufia, and S. Revah. 2000. Influence of Mixing and Water
Addition on the Removal Rate of Toluene Vapors in a Biofilter. Biotechnology and Bioengineering.
68:448-455.

Agathos, S. N., E. Hellin, H. Ali-Khodja, S. Deseveaux, F. Vandermesse, and H. Naveau. 1997.
Gas-Phase Methyl Ethyl Ketone Biodegradation in a Tubular Biofilm Reactor: Microbiological and
Bioprocess Aspects. Biodegradation. 8:251-264.

Cox, H. H. 1., B. W. Faber, W.N. M. van Heiningen, H. Radhoe, H. J. Doddema, and W. Harder. 1996.
Styrene Metabolism in Exophiala jeanselmei and Involvement of a Cytochrome P-450-Dependent
Styrene Monooxygenase. Applied and Environmental Microbiology. 62:1471-1474.




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Yadav, J. S. and C. A. Reddy. 1993. Degradation of Benzene, Toluene, Ethylbenzene, and Xylenes ‘

(BTEX) by the Lignin-Degrading Basidiomycete Phanerochaete chrysosporium. Applied and Envi-
ronmental Microbiology. 59:756-762.

Kazenski, S. L. 2000. Biofiltration for Paint Spray Booth Applications. Masters Thesis. University of
Texas at Austin.

Evans, P. J. 1995. Selective Removal of Air Pollutants in Vapor-Phase Bioreactors. In Proceedings
from the USC-TRG Conference on Biofiltration. D. S. Hodge and F. E. Reynolds, Jr., ed. The
Reynolds Group. Tustin, California. pp. 139-150.

Madigan, M. T., J. M. Martinko, and J. Parker. 2000. Biology of Microorganisms. Prentice-Hall.
New Jersey.

Gessner, M. O., K. Suberkropp, and E. Chauvet. 1997. Decomposition of Plant Litter by Fungi in
Marine and Fresh Water Ecosystems. In The Mycota IV: Environmental and Microbial Relationships.
D. T. Wicklow and B. Saderstrom, ed. Springer-Verlag. Berlin, Germany. pp. 303-322.

Weber, F. J. and S. Hartmans. 1996. Prevention of Clogging in a Biological Trickle-Bed Bioreactor
Removing Toluene from Contaminated Air. Biotechnology and Bioengineering. 50:91-97.

Pakula, R. and A. Freeman. 1996. A New Continuous Biofilm Bioreactor for Immobilized Oil-
Degrading Filamentous Fungi. Biotechnology and Bioengineering. 49:20-25.

Majcherczyk, A., A. Braun-Liillemann, and A. Huttermann. 1989. Biofiltration of Polluted Air by a
Complex Filter Based on White-Rot Fungi Growing on Lignocellulosic Substrates. In Advances in
Biological Treatment of Lignocellulosic Materials. M. P. Coughlin and M. T. Amaral Collaco, ed.
Elsevier Applied Science. London, England. pp. 323-329.

Kraakman, N. J. R., J. W. van Groenestijn, B. Koers, and D. C. Heslinga. 1997. Styrene Removal
Using a New Type of Bio-Reactor with Fungi. In Biological Waste Gas Cleaning: Proceedings of an
International Symposium. W. L Prins and J. van Ham, ed. VDI Verlag GmbH. Dusseldorf, Germany.
pp. 225-232.

Horner, K. J. and G. D. Anagnostopoulos. 1973. Combined Effects of Water Activity, pH, and
Temperature on the Growth and Spoilage Potential of Fungi. Journal of Applied Bacteriology. 36:427-

436

23




